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(54) Circuit and method for controlling a synchronous recifier converter 



(57) A rectifier (330) having an input and an output 
comprises: (1 ) switching circuitry (355,360) coupled be- 
tween the input and the output and adapted to operate 
in selected one of (a) an active bidirectional mode of 
operation and (b) an inactive unidirectional mode of op- 
eration to rectify substantially alternating current at the 
input to produce substantially direct current at the output 
and (2) control circuitry (350) coupled between the rec- 



tifier output and a control input of the switching circuitry 
and capable of sensing an output current level of the 
rectifier and transitioning the switching circuitry between 
the active bidirectional mode and the inactive unidirec- 
tional mode as a function of the output current level 
thereby to prevent substantial reverse power flow 
through the rectifier. The rectifier is particularly useful in 
power systems having a plurality of rectifiers operating 
in parallel to prevent one rectifier from driving the other. 
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Description 

TECHNICAL FIELD OF THE INVENTION 

The present invention is directed, in general, to 
power conversion circuitry and, more particularly, to a 
control circuit tor operating a power rectifier in both ac- 
tive bidirectional and passive unidirectional modes as a 
function of output level. 

BACKGROUND OF THE INVENTION 

Increased power density is a continuing goal of 
modern power supply design. High power density is par- 
ticularly crucial in applications wherein the allocated 
space for the power supply relative to the power output 
is restricted. In addition to being highly compact, the 
power supply must also be efficient to limit heat-creating 
power dissipation. Illustrative applications for a high 
density power supply include an off-line power supply 
used to power a laptop computer or a power supply 
module for a telecommunication system employing an 
Integrated Services Digital Network ("ISDN"). 

Bridge-type converters are particularly suitable for 
such applications, since they may be designed to oper- 
ate resonantly. Resonance is an operational mode that 
permits both high power density and efficiency. One ex- 
ample of a bridge-type converter is a half-bridge con- 
verter as disclosed in U.S. Patent No. 5,274,543 to Lol- 
tus, issued on December 28, 1 993, entitled "Zero-Volt- 
age Switching Power Converter with Lossless Synchro- 
nous Rectifier Gate Drive" and incorporated herein by 
reference. Loftus' converter operates as a forward con- 
verter and includes a bridge circuit comprising two pow- 
er switching transistors to drive a primary transformer. 

Loftus discloses a drive arrangement and operative 
scheme for driving the power transistors, thereby limit- 
ing the dissipation losses within the power switching 
transistors. The drive circuitry drives the power switch- 
ing transistors with unequal duty cycles having a con- 
ducting duration such that the sum of the conduction in- 
tervals substantially equals the combined switching pe- 
riod of the power transistors. The conducting intervals 
are separated by very short dead time intervals control- 
led by the differing turn-on and turn-off times of the pow- 
er switching transistor. The short interval between alter- 
nate conductions of the power switching transistors is 
sufficient in duration to allow zero voltage turn-on of the 
power switching transistors but short enough in duration 
to minimize power loss and conducted noise. 

Another area of concern in a power supply is an ad- 
ditional loss of efficiency realized through the power dis- 
sipated in the rectifier circuit of the converter. While a 
Schottky diode rectifier is approximately 80% efficient, 
a metal oxide semiconductor field effect transistor 
("MOSFET") synchronous rectifier is nearly 90% effi- 
cient. 

While synchronous rectification is a relatively old 
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concept, it has failed to gain widespread acceptance be- 
cause of the unavailability of cost-effective, low R DS(on ) 
rectifier devices (those having a small static drain- 
source resistance while forward-biased) . Prior practical 
5 implementations have required designers to couple 
many higher R D s(on> devices in parallel to arrive at a suit- 
ably low overall R DS < 0 n)- Recent advances in high cell 
density MOSFET technology, however, have made 
available MOSFET devices with very low (< TO millio- 
io hms) Ros(on) ' n cost-effective, commercial packages. 
As a result, synchronous rectification has recently re- 
gained widespread interest; companies are beginning 
to introduce power converters using synchronous recti- 
fication into the marketplace. 

The normal operating mode for converters operat- 
ing with forced load-sharing is for each converter to pro- 
vide an equal portion of the total load current. A control 
terminal of the converters are coupled together in a star 
connection, thereby providing the necessary feedback 
to equalize the load currents actively. 

However, it is well known in the industry that syn- 
chronous rectifier circuits are capable of processing 
power bidirectionally, both from the input to the output, 
and from the output back to the input (of course, provid- 
ed a voltage or current source externally drives the out- 
put). Bidirectional current flow can provide some signif- 
icant advantages, perhaps the most common of which 
is elimination of the so-called critical current phenome- 
non found in buck-derived converters. The bidirectional 
current flow characteristic allows inductor current in the 
synchronous rectifier circuit to flow continuously, there- 
by avoiding a sluggish reaction to a load or transient on 
the output of the converter circuit. 

However, for converters connected in parallel with 
forced load-sharing, this bi-directional power flow char- 
acteristic can result in an undesirable (and possibly 
damaging) operating mode wherein one converter 
drives the output of another. With one or more convert- 
ers operating in this reverse power processing mode, 
the overall power system can be circulating large 
amounts of current while actually delivering very little 
current to the load. This results in high power dissipation 
during lighter toad conditions. Also, the system transient 
response could be. detrimentally affected as the convert- 
ers transition from the reverse power processing mode 
to a forward power processing mode.. 

Parallel (forced load-sharing) circuitry in each con- 
verter, responsible for driving the rectifier devices, may 
not be able to prevent this mode of operation, as the 
parallel circuit is specifically designed to be effective 
over a limited range. See U.S. Patent No. 5,036,452 to 
Loftus, issued on July 30, 1991, entitled "Current Shar- 
ing Control with Limited Output Voltage Range for Par- 
alleled Power Converters," and incorporated herein by 
reference, for a discussion of load sharing between 
power circuits connected in parallel to a common load. 
Therefore, it is beneficial to provide a circuit that pre- 
vents reverse power flow in converters configured for 
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parallel operation. 

The aforementioned predicament of reverse power 
flow in converters for parallel operation is the subject of 
two articles. These articles introduce a circuit wherein 
the synchronous rectifier control voltage is modified to 
prevent reverse power flow. The circuits are generally 
designed either to prevent reverse power flow at con- 
verter start-up or to address "hot plug-in" problems en- 
countered when substituting individual converters in a 
functioning power system. 

In the first article, "A Highly Efficient, Low-Profile 
300-W Power Pack for Telecommunications Systems," 
APEC 1994 Proceeding, pp. 786-792, by M. Murakami, 
I . Yumoto, T Yachi and K. Maki, a resonant reset forward 
converter with a novel synchronous rectifier drive circuit 
is disclosed. The circuit comprises a pair of switches to 
disable the gate drive of one synchronous field effect 
transistor ("FET") based on switch current. Another syn- 
chronous FET uses an output inductor to generate the 
drive voltage, and can be configured off when the induc- 
tor current goes discontinuous. The idea is to detect 
when the converter goes into discontinuous conduction 
mode, and to use this information to disable the syn- 
chronous rectifiers, thus preventing a catastrophic fail- 
ure. The described circuit, which is designed for parallel 
operation, uses droop regulation to achieve load shar- 
ing, rather than active load sharing using a parallel pin 
connection. The circuit, thus, turns one of the FETs off 
based on switch current, and the other FET off based 
on a discontinuous current condition. 

While the Murakami et al. circuit attempts to solve 
the proposed problem it is limited for the following rea- 
sons. First, the circuit as described is only compatible 
with a self-synchronized drive scheme. Moreover, the 
circuit as described apparently only has a problem when 
a converter falls below critical inductor current. Both the 
transformer secondary voltage and the inductor voltage 
can collapse to zero during discontinuous conduction 
mode. The output voltage supplied by the paralleled 
modules could then energize the gates of the synchro- 
nous FETs, thus turning them on at the wrong time. Stat- 
ed another way, the resonant reset topology forces a 
finite dead time in the gate drive of one synchronous 
FET, allowing the critical current point to occur. Finally, 
the circuit as described is limited to a passive droop 
sharing method, and does not accomplish active load 
sharing with a feedback sensing current circuit. 

In a second reference by N. Murakami, N. Yamas- 
hita and T Yachi, entitled "A Compact, Highly Efficient 
50-W On-board Power Supply Module for Telecommu- 
nications Systems," APEC 1995 Proceeding, pp. 
297-302, a resonant reset forward converter with a nov- 
el synchronous rectifier drive circuit is introduced very 
similar to the circuit described above. The circuit com- 
prises a pair of self synchronized FETs with a control 
switch in series with each gate. These switches are de- 
scribed as necessary to prevent reverse power flow 
when connected in parallel with other converters. This 



circuit suffers from the very same limitations inherent in 
the circuit described above. Again, the circuits by Mu- 
rakami et al. prevent reverse power flow by turning the 
rectifying FET off when the voltage across the output 

s inductor falls to zero (a condition which occurs during 
discontinuous inductor current mode). This prevents the 
bus voltage from activating the rectifying FET when the 
inductor voltage falls to zero. The circuits as described, 
however, still operate as synchronous rectifiers at all 

io times. 

Accordingly, what is needed in the art is a control 
circuit for operating a power rectifier, the control circuit 
capable of sensing conditions under which reverse pow- 
er flow may occur in the rectifier and taking steps to pre- 
75 vent the reverse power flow. 

SUMMARY OF THE INVENTION 

To address the above-discussed deficiencies of the 
prior art, the present invention provides a rectifier having 
an input and an output and a method of controlling the 
rectifier The rectifier comprises: (1) switching circuitry 
coupled between the input and the output, the switching 
circuitry adapted to operate in selected one of (a) an 
active bidirectional mode of operation and (b) an inac- 
tive unidirectional mode of operation to rectify substan- 
tially alternating current at the input to produce substan- 
tially direct current at the output and (2) control circuitry 
coupled between the rectifier output and a control input 
of the switching circuitry, the control circuitry capable of 
sensing an output level of the rectifier and transitioning 
the switching circuitry between the active bidirectional 
mode and the inactive unidirectional mode as a function 
of the output current level thereby to prevent substantial 
reverse power flow through the rectifier. 

Thus, the present invention introduces a bi-modal 
converter having both active and inactive (or passive) 
modes of operation. In the active mode, the switching 
circuitry switches to rectify the substantially alternating 
current, perhaps in resonance to realize the above-de- 
scribed efficiencies of a resonant converter. Bidirection- 
al current flow is possible in the active mode. In the pas- 
sive mode, the switching circuitry acts as a diode recti- 
fier, allowing only unidirectional current and thereby pre- 
venting reverse power flow. The output level of the con- 
verter may be determined by measuring voltage, cur- 
rent, power or another suitable characteristic. The rec- 
tifier is particularly useful in power systems having a plu- 
rality of rectifiers operating in parallel to prevent one 
rectifier from driving the other. 

In a preferred embodiment of the present invention, 
the switching circuitry comprises MOSFET switches. Al- 
ternatively, other switches having a low R DS(on j are suit- 
able for use with the present invention. 

In a preferred embodiment of the present invention, 
the rectifier is coupled in parallel with a second rectifier, 
the control circuitry substantially preventing the second 
rectifier from causing the substantial reverse powerflow. 
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Thus, the present invention is operable in a power sys- 
tem comprising multiple rectifiers. 

In a preferred embodiment of the present invention, 
the switching circuitry comprises discrete diodes to al- 
low the switching circuitry to operate in the inactive uni- 
directional mode. The diodes conduct electricity when 
the control circuitry deactivates the active switches. As 
an alternative to discrete diodes, the present invention 
may employ body diodes integral with the MOSFET ac- 
tive switches. 

In a preferred embodiment of the present invention, 
the control circuitry comprises a sensor for detecting the 
output level selected from the group consisting of: (a) a 
current transformer in electrical communication with the 
output, (b) a shunt resistor coupled in series with the 
output and (c) a Hall effect current sense device coupled 
in series with the output. Those of ordinary skill in the 
art are familiar with other conventional current and non- 
current sensors and their potential applicability to the 
rectifier of the present invention. 

In a preferred embodiment of the present invention, 
the control circuit transitions the switching circuitry from 
the active bidirectional mode to the inactive unidirection- 
al mode when the output level drops below a predeter- 
mined threshold level. In a more preferred embodiment, 
the control circuitry transitions the switching circuitry be- 
tween the active bidirectional mode and the inactive uni- 
directional mode when the output current level is be- 
tween about 5% and about 10% of a full rated output 
current level. Those of ordinary skill in the art will realize, 
however, that other output levels or ranges may be more 
appropriate in other applications. 

In a preferred embodiment of the present invention, 
the rectifier further comprises a self-synchronized drive 
circuit adapted to provide a drive signal to the switching 
circuitry for varying a duty cycle of the switching circuitry 
as a function of the output level (closed loop).- Alterna- 
tively, the rectifier may be controlled without regard to 
actual output level (open loop). 

In a preferred embodiment of the present invention, 
the control circuitry comprises comparison circuitry for 
comparing the output level with a predetermined thresh- 
old level. 

In a preferred embodiment of the present invention, 
an active load-sharing circuit is coupled to the rectifier 
and a second rectifier to effect load sharing therebe- 
tween. 

In a preferred embodiment of the present invention, 
the control circuitry is enabled only when the rectifier is * 
coupled in parallel with a second rectifier. 

The foregoing has outlined, rather broadly, pre- 
ferred and alternative features of the present invention 
so that those skilled in the art may better understand the 
detailed description of the invention that follows. Addi- 
tional features of the invention will be described herein- 
after that form the subject of the claims of the invention. 
Those skilled in the art should appreciate that they can 
readily use the disclosed conception and specific em- 



bodiment as a basis for designing or modifying other 
structures for carrying out the same purposes of the 
present invention. Those skilled in the art should also 
realize that such equivalent constructions do not depart 
5 from the spirit and scope of the invention in its broadest 
form. 

BRIEF DESCRIPTION OF THE DRAWINGS 
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For a more complete understanding of the present 
invention, and the advantages thereof, relerence is now 
made to the following descriptions taken in conjunction 
with the accompanying drawings, in which: 

FIGURE 1 illustrates a schematic diagram of a plu- 
rality of converters operating in a parallel forced 
load-sharing converter circuit; 
FIGURE 2 illustrates a schematic diagram of a plu- 
rality of synchronous rectifier converters operating 
in a parallel forced load-sharing synchronous recti- 
fier converter circuit with one converter processing 
power in a reverse direction; 

FIGURE 3 illustrates a schematic diagram of a 
clamped-mode forward converter circuit with a syn- 
chronous rectifier circuit employing the principles of 
the present invention; 

FIGURE 4 illustrates a schematic diagram of a sec- 
ond embodiment of the clamped-mode forward con- 
verter circuit with the synchronous rectifier circuit of 
FIGURE 3 employing the principles of the present 
invention; and 

FIGURE 5 illustrates a timing diagram of the oper- 
ation of the circuit of FIGURE 4. 



35 DETAILED DESCRIPTION 

Referring initially to FIGURE 1 , illustrated is a sche- 
matic diagram of a plurality of converters operating in a 
parallel forced load-sharing converter circuit 100. The 

40 circuit 100 comprises a first DC/DC converter 110, a 
second DC/DC converter 120, and a third DC/DC con- 
verter 130 configured for parallel operation. The DC/DC 
converters 110, 120, 130 function by converting a DC 
input voltage to alternating current (AC) and converting 

45 the AC back into a DC output voltage. The DC input volt- 
age, V jn 140, is applied across the input of the circuit 
100 and an input current, l in1 145, l in2 150, andl jn3 155 
enters the DC/DC converters 110, 120, 130, respective- 
ly. In turn, an output current, l outl 160, l out2 1 65, and l out3 

50 1 70, exits each DC/DC converter 1 1 0, 1 20, 1 30, respec- 
tively. A combined load current, l, oad 180, and DC output 
voltage, V out 1 90, is delivered across an output resistive 
load 1 95. The normal operating mode for converters op- 
erating with forced load-sharing is for each converter to 

55 provide an equal proportion of the load current. The par- 
allel pins of the converters are connected together in a 
star connection, which provides the necessary feedback 
to actively equalize the load currents. 
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Turning now to FIGURE 2, illustrated is a schematic 
diagram of a plurality of synchronous rectifier converters 
operating in a parallel forced load-sharing synchronous 
rectifier converter circuit 200 with one converter 
processing power in a reverse direction. The circuit 200 s 
comprises a first DC/DC synchronous rectifier converter 
210, a second DC/DC synchronous rectifier converter 
220, and a third DC/DC synchronous rectifier converter 
230 configured for parallel operation. A voltage, V jn 240, 
is applied across the input of the circuit 200 and an input 10 
current, l jn1 245, l in2 250, enters the first and second DC/ 
DC synchronous rectifier converters 210, 220, respec- 
tively. However, an input current, l jn3 255, is illustrated 
exiting the third DC/DC synchronous rectifier converter 
230. An output current, l out1 250, l out2 265, is illustrated is 
exiting the first and second DC/DC synchronous rectifier 
converters 210, 220, respectively, but an output current 
l out3 270 enters the third DC/DC synchronous rectifier 
converter 230 in a reverse direction. A combined toad 
current, l, oad 280, and output voltage, V out 290, is deliv- 20 
ered across an output resistive load 295. 

In the illustrated embodiment, the first and second 
DC/DC synchronous rectifier converters 210, 220, are 
processing power in a normal, forward direction, while 
the third DC/DC synchronous rectifier converter 230 is 25 
processing power in the reverse direction. As previously 
mentioned, with one or more converters operating in this 
reverse power processing mode, the overall power sys- 
tem could be circulating large amounts of current while 
delivering very little current to the load. This results in a 30 
high power dissipation during lighter load conditions. 

Turning now to FIGURE 3, illustrated is a schematic 
diagram of a clamped -mode forward converter circuit 
300 with a synchronous rectifier circuit 330 employing 
the principles of the present invention. The clamped- 35 
mode forward converter circuit 300 and its advantages 
are discussed in U.S. Patent No. 5,303, 1 38 to Rozman, 
issued on April 12, 1994, entitled "Low Loss Synchro- 
nous Rectifier for Application to Clamped-Mode Power 
Converters" and incorporated herein by reference. The 40 
clamped-mode forward converter circuit 300 comprises 
a voltage input V jn 305 connected to a primary winding 
310 of a power transformer by a MOSFET power switch 
Q1 31 5. The power switch 31 5 is shunted by series con- 
nection of a clamp capacitor 320 and a MOSFET switch 45 
device Q2 325. The conducting intervals of the power 
switch 315 and the switch device 325 are mutually ex- 
clusive. The duty cycle of the power switch 31 5 is D and 
the duty cycle of the switch device 325 is 1 -D. 

A secondary winding 335 of the power transformer 50 
is connected to an output capacitance load C out 340 
through an output filter inductor L out 345 and the syn- 
chronous rectifier circuit 330, providing a substantially 
alternating current input to the synchronous rectifier cir- 
cuit 330. The synchronous rectifier circuit 330 compris- 55 
es control circuitry 350 and switching circuitry. A syn- 
chronous rectifier device SR1 355 and a synchronous 
rectifier device SR2 360 comprise the switching circuit- 



ry. The switching circuitry may be realized with any suit- 
able rectifier devices, although a low R DS ( on ) N-channel 
MOSFET is suitable for such applications. A diode D1 
357 and a diode D2 362 are discrete devices placed in 
parallel with SR1 355 and SR2 360, respectively. How- 
ever, D1 357 and D2 362 may represent an integral body 
diode of a N-channel MOSFET 

The synchronous rectifier control circuit 350 may be 
either a control driven circuit, or a self-synchronized 
drive circuit. Additionally, the overall power train topolo- 
gy encompasses any topology suitable for synchronous 
rectification, and is not limited to the topology shown in 
the illustrated embodiment. 

The present invention also comprises a current 
sensing device 365 capable of sensing a converter out- 
put level. The current sensing device 365 encompasses 
a current transformer connected in series with Ql 31 5, 
a shunt resistor in series with the output, or a Hall effect 
current sense device in series with the output. The 
sensed current signal is then provided to the parallel 
control circuitry 370 to facilitate forced load-sharing. 

The current signal is also provided to a level detec- 
tor 375 which compares the load current to some pre- 
determined reference level. When the converter is op- 
erating below some fraction of full rated load current, 
perhaps 5% or 10%, the detector 375 will disable the 
synchronous rectifier drive circuit 330. This action 
reconfigures the converter from a synchronous rectifier 
circuit to a conventional diode rectifier circuit. Since a 
diode rectifier circuit cannot process power in the re- 
verse direction, the proposed circuit effectively prevents 
reverse power flow. When the converter output current 
increases beyond the 5% or 10% trip level (some hys- 
teresis is probably preferred), the synchronous rectifier 
drive circuit 330 is enabled, resuming normal operation. 
Thus, the control circuit 350 transitions the switching cir- 
cuitry 355, 360 from the active bidirectional mode to the 
inactive unidirectional mode when the output current 
level drops below a predetermined threshold level. 

Note that the circuit retains the efficiency benefits 
of synchronous rectification at higher loads, where effi- 
ciency is most important. Reconfiguring the circuit to di- 
ode rectification at light loads prevents reverse power 
flow, but should not significantly impact light load effi- 
ciency. In fact, light load efficiency may be improved with 
diode rectification, as the overhead of the MOSFET gate 
drive loss is eliminated. 

The remaining circuitry is standard for synchronous 
rectifier circuits configured for parallel operation. A volt- 
age regulator 380 monitors the load and restores the 
output voltage V out 342 to within tolerance limits despite 
changes in both the load and the input voltage V jn 305. 
A pulse-width modulation ("PWM M ) circuit 385 is includ- 
ed to keep the output voltage V oul 342 of the converter 
constant over the various operating conditions. Finally, 
the circuits are coupled as illustrated by the intercon- 
necting lines and arrows, and the synchronous rectifier 
control circuitry 350 and the PWM circuit 385 are cou- 
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pled to the ciamped-mode circuit 300 at Q1 31 5 and Q2 
325 as illustrated. 

Even though the illustrated embodiment is de- 
signed to accommodate parallel operation, in certain ap- 
plications the converter could be used in a stand alone 
configuration. In such applications it would be desirable 
to retain the benefits of reverse power flow afforded by 
synchronous rectification, such as the elimination of crit- 
ical current problems. The load current level detector cir- 
cuit 375 may be disabled during non-paralleled, or stand 
alone, operation. An additional circuit may then be in- 
corporated into the design that senses parallel operation 
(e.g. ground the parallel pin when not in use) and disable 
the load current level detector circuit 375 during non- 
parallel operation. 

Turning now to FIGURE 4, illustrated is a schematic 
diagram of a second embodiment of the clamped-mode 
forward converter circuit 300 with the synchronous rec- 
tifier circuit 330 of FIGURE 3 employing the principles 
of the present invention. As discussed with respect to 
FIGURE 3, the clamped-mode forward converter circuit 
300 is connected to the power transformer that is con- 
nected to the output capacitance load C out 340 through 
the output filter inductor L out 345 and the synchronous 
rectifier circuit 330. Again, the synchronous rectifier cir- 
cuit 330 comprises the switching circuitry and the control 
circuitry. 

In this illustrated embodiment, the switching circuit- 
ry comprises a MOSFET rectifying device Q4 41 0 in par- 
allel with a diode D1 41 5, and the gate of Q4 41 0 is cou- 
pled to a gate voltage clamping MOSFET Q6 420. The 
switching circuitry further comprises a MOSFET rectify- 
ing device Q3 425 in parallel with a diode D2 430, and 
the gate of Q3 425 is coupled to a gate voltage clamping 
MOSFET Q5 435. The gate voltage clamping MOSFETs 
and their advantages are discussed in Lottus. The syn- 
chronous rectifier circuit of FIGURE 4 employs a self 
synchronized drive circuit. 

An enabling level voltage V ctH 440 is applied 
through a resistor 450 to control the proper operating 
voltage levels for the MOSFET rectifying devices 410, 
425 and their respective drive MOSFETs 420, 435. Gate 
drive energy for the rectifying devices is obtained from 
the power train during turn on transition and returned to 
the power train during turn ofl transition. 

With continuing reference to FIGURES 3 and 4 : the 
control circuitry of the synchronous rectifier circuit 330 
comprises a comparator 460. A current sensed output 
level from the current sensing device 365 is provided to 
a non-inverting input of the comparator 460 and a refer- 
ence signal is provided to the inverting input of the com- 
parator 460. The comparator 460 then compares the 
load current to the predetermined reference level. When 
the converter is operating below some fraction of full rat- 
ed load current, perhaps 5% or 10%, the comparator 
460 sends a signal to disable the synchronous rectifier 
drive circuit 330. This action reconfigures the converter 
from a synchronous rectifier circuit to a conventional di- 



ode rectifier circuit. When the converter output current 
increases beyond the 5% or 10% trip level (some hys- 
teresis is probably prelerred), the synchronous rectifier 
drive circuit 330 is enabled, resuming normal operation. 
5 Thus, the control circuit 350 transitions the switching cir- 
cuitry 355, 360 from the active bidirectional mode to the 
inactive unidirectional mode when the output current 
level drops below a predetermined threshold level. 
Therefore, the principles of the present invention are. in- 

10 corporated into the circuit of the illustrated embodiment. 
Finally, the remainder of the components in the cir- 
cuit with their corresponding functions are described 
with respect to FIGURE 4. 

The proposed circuit may be necessary during "hot 

*5 plug-in" of paralleled power converters. During "hot 
plug-in," the output of a power converter may be ener- 
gized before the converter initiates switching action. In 
this event, the MOSFETs of a self -synchronized circuit 
may turn on, as the gates are energized by the voltage 

20 on the output. Such a condition could lead to a cata- 
strophic failure at "hot plug-in." With the proposed cir- 
cuit, the synchronous MOSFETs will remain disabled 
until the converter starts and begins supplying output 
current. This possible catastrophic failure mode of self 

25 synchronized converters is therefore eliminated. 

Turning now to FIGURE 5, illustrated is a timing di- 
agram of the operation of the circuit of FIGURE 4. The 
voltage waveforms represent the voltage of the follow- 
ing devices. V ns1 510 represents the voltage at the sec- 

30 ondary winding of the power transformer V drain Q6 520 
represents the drain voltage of Q6 420, and V gs 04 530 
represents the gate-to-source voltage of Q4 410. Com- 
parably, V drajn Q5 540 represents the drain voltage of Q5 
435, and V gs Q3 550 represents the gate-to-source volt- 

35 age of Q3 425. Finally, the enable/disable signal 560 
represents an enabling and disabling signal to the syn- 
chronous rectifier circuit 330. 

In view of the timing diagram, the circuit of FIGURE 
4 operates as follows. Assume that the converter is op- 

40 erating at full load and that the comparator 460 (an open 
collector device) output is high impedance. The voltage 
V ctrf 440 (set at 10V to 12V) is a DC voltage applied to 
the gates of Q5 435 and Q6 420 through the resistor 
450. Assume also that the converter is operating in the 

^5 part of the switching cycle where Q1 315 and Q4 410 
are on, and Q2 325 and Q3 425 are off. Given these 
initial conditions : the voltage applied to the gate of Q4 
410 is clamped by Q6 420 to a threshold voltage drop 
(about 2V to 3V) below V ctr , 440. Q6 420 therefore 

50 clamps the maximum voltage applied to the gate of Q4 
41 0, and prevents this voltage from exceeding the max- 
imum device ratings, as shown in the V gsQ4 530 wave- 
form. At the end of the cycle, Q1 315 turns off and Q2 
325 turns on, reversing the voltage V ns1 51 0 across the 

55 second winding 335. As the voltage across the second- 
ary winding collapses and eventually reverses, the gate 
of Q4 41 0 will be discharged through the body diode of 
Q6 (not shown), turning off Q4 410. Q3 425 is turned on 
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as its gate is charged through Q5 435, and the V gsQ3 
550 continues to rise until it reaches one threshold drop 
below V ctrI 440. As Q1 315 turns on and Q2 325 turns 
off, the cycle repeats. 

Note that the gate clamping MOSFETs, Q5 435 and 
Q6 420, act to limit the maximum voltage applied to the 
gate of the synchronous rectifier MOSFETs, Q3 425 and 
Q4 410, respectively. This clamping action can expand 
the useful input voltage range of the converter, and can 
also allow the use of logic level MOSFETs. In addition, 
Q5 435 and Q6 420 may be used as switches to disable 
the flow of channel current through Q3 425 and Q4 41 0. 
By using the comparator 460 to ground the gates of Q5 
435 and Q6 420, the synchronous MOSFETs (Q3 425 
and Q4 410) can be disabled, thus reconfiguring the 
power train from synchronous rectification to diode rec- 
tification. 

As previously mentioned, at higher load levels, the 
voltage on the non-inverting pin of the comparator 460 
(the current sense signal) has a larger magnitude than 
the referencing voltage, which is applied to the inverting 
terminal of the comparator. In this condition, the output 
of the comparator 460 is configured for high impedance, 
allowing V ctr1 440 to be applied to the gates of Q5 435 
and Q6 420, resulting in normal synchronous rectifier 
operation. As the load is reduced, the current sense volt- 
age reduces linearly. At a light enough load (about 5% 
or 1 0% full load) the current sense voltage will fall below 
the reference, and the output of the comparator 460 
pulls the gates of Q5 435 and Q6 420 to ground, thus 
disabling Q3425 and Q4 410, respectively. The process 
then reverses as the load is increased. 

Although the present invention has been described 
in detail, those skilled in the art should understand that 
they can make various changes, substitutions and alter- 
ations herein without departing from the spirit and scope 
of the invention in its broadest form. 



Claims 

1. A rectifier having an input and an output, said rec- 
tifier comprising; 

switching circuitry coupled between said input 
and said output, said switching circuitry adapt- 
ed to operate in selected one of (a) an active 
bidirectional mode of operation and (b) an in- 
— active unidirectional mode of operation to rec- 
tify substantially alternating current at said in- 
put to produce substantially direct current at 
said output; and 

control circuitry coupled between said rectifier 
output and a control input of said switching cir- 
cuitry, said control circuitry capable of sensing 
an output level of said rectifier and transitioning 
said switching circuitry between said active bi- 
directional mode and said inactive unidirection- 



al mode as a function of said output level there- 
by to prevent substantial reverse power flow 
through said rectifier. 

5 2. The rectifier as recited in Claim 1 wherein said 
switching circuitry comprises metal oxide semicon- 
ductor field effect transistor (MOSFET) switches. 

3. The rectifier as recited in Claim 1 wherein said rec- 
10 tifier is coupled in parallel with a second rectifier, 
said control circuitry substantially preventing said 
second rectifier from causing said substantial re- 
verse power flow. 

is 4. The rectifier as recited in Claim 1 wherein said 
switching circuitry comprises discrete diodes to al- 
low said switching circuitry to operate in said inac- 
tive unidirectional mode. 

20 5. The rectifier as recited in Claim 1 wherein said con- 
trol circuitry comprises a sensor for detecting said 
output level selected from the group consisting of: 

a current transformer in electrical communica- 
25 tion with said output, 

a shunt resistor coupled in series with said out- 
put, and 

a Hall effect current sense device coupled in se- 
ries with said output 

30 

6. The rectifier as recited in Claim 1 wherein an active 
load-sharing circuit is coupled to said rectifier and 
a second rectifier to effect load sharing therebe- 
tween. 

35 

7. A method of controlling a rectifier having an input 
and an output, comprising the steps of: 

rectifying substantially alternating current at 
40 said input to produce substantially direct cur- 

rent at said output with switching circuitry cou- 
pled between said input and said output,, said 
switching circuitry adapted to operate in select- 
ed one of (a) an active bidirectional mode of op- 
45 eration and (b) an inactive unidirectional mode 

of operation; and 

sensing an output level of said rectifier with 
control circuitry coupled between said rectifier 
output and a control input of said- switching cir- 

50 cuitry, said control circuitry capable of transi- 

tioning said switching circuitry between said ac- 
tive bidirectional mode and said inactive unidi- 
rectional mode as a function of said output level 
thereby to prevent substantial reverse power 

55 flow through said rectifier. 

8. The method as recited in Claim 7 wherein said 
switching circuitry comprises metal oxide semicon- 
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ductor field effect transistor (MOSFET) switches. 

9. The method as recited in Claim 7 further comprising 
the step of coupling said rectifier in parallel with a 
second rectifier, said control circuitry substantially 
preventing said second rectifier from causing said 
substantial reverse power flow. 

1 0. The method as recited in Claim 7 further comprising 
the step of operating said switching circuitry in said 
inactive unidirectional mode with discrete diodes in 
said switching circuitry. 

11. The method as recited in Claim 7 wherein said step 
of sensing comprises the step of detecting said out- 
put level with a sensor selected from the group con- 
sisting of: 

a current transformer in electrical communica- 
tion with said output, 

a shunt resistor coupled in series with said out- 
put, and 

a Hall effect current sense device coupled in se- 
ries with said output. 

12. The method as recited in Claim 7 further comprising 
the step of transitioning said switching circuitry from 
said active bidirectional mode to said inactive uni- 
directional mode when said output level drops be- 
low a predetermined threshold level. 

1 3. The method as recited in Claim 7 further comprising 
the step of providing a drive signal to said switching 
circuitry for varying a duty cycle of said switching 
circuitry as a function of said output level with a sell- 
synchronized drive circuit. 

14. The method as recited in Claim 7 further comprising 
the step of comparing said output level with a pre- 
determined threshold level with comparison circuit- 
ry. 

15. The method as recited in Claim 7 further comprising 
the step of effecting load-sharing between said rec- 
tifier and a second rectifier with an active load-shar- 
ing circuit. 

16. The method as recited in Claim 7 further comprising 
the step of transitioning said switching circuitry be- 
tween said active bidirectional mode and said inac- 
tive unidirectional mode when said output level is 
between about 5% and about 10% of a full rated 
output current level. 

17. The method as recited in Claim 7 further comprising 
the step of enabling said control circuitry only when 
said rectifier is coupled in parallel with a second rec- 
tifier. 



18. A power system having first and second rectifiers, 
each of said first and second rectifiers having an 
input and an output, each of said first and second 
rectifiers comprising: 

5 

switching circuitry comprising a plurality of di- 
odes and metal oxide semiconductor field ef- 
fect transistor (MOSFET) switches coupled be- 
tween said input and said output, said switching 
70 circuitry adapted to operate in selected one of 

(a) an active bidirectional mode of operation 
and (b) an inactive unidirectional mode of op- 
eration to rectify substantially alternating cur- 
rent at said input to produce substantially direct 
current at said output; 

a sensor, coupled to said output, for detecting 
an output level thereof; 

control circuitry coupled between said sensor 
and a control input of said switching circuitry, 

20 said control circuitry capable of transitioning 

said switching circuitry between said active bi- 
directional mode and said inactive unidirection- 
al mode as a function of said output level there- 
by to prevent one of said first and second rec- 

25 tifiers from.creating substantial reverse power 

flow through another of said first and second 
rectifiers; and 

an active load-sharing circuit coupled to said 
first and second rectifiers to effect load sharing 
30 therebetween. 

19. The rectifier as recited in Claim 1 or 18 wherein said 
control circuit transitions said switching circuitry 
from said active bidirectional mode to said inactive 

3S unidirectional mode when said output level drops 
below a predetermined threshold level. 

20. The rectifier as recited in Claim 1 or 18 further com- 
prising a self-synchronized drive circuit adapted to 

40 provide a drive signal to said switching circuitry for 
varying a duty cycle of said switching circuitry as a 
function of said output level. 

21 . The rectifier as recited in Claim 1 or 1 8 wherein said 
4 $ control circuitry comprises comparison circuitry for 

comparing said output level with a predetermined 
threshold level. 



22. The rectifier as recited in Claim 1 or 1 8 wherein said 
50 control circuitry transitions said switching circuitry 

between said active bidirectional mode and said in- 
active unidirectional mode when said output level is 
between about 5% and about 10% of a full rated 
output current level. 

55 

23. The rectifier as recited in Claim 1 or 1 8 wherein said 
control circuitry is enabled only when said rectifier 
is coupled in parallel with a second rectifier. 



35 
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(57) A rectifier (330) having an input and an output 
comprises: (1 ) switching circuitry (355,360) coupled be- 
tween the input and the output and adapted to operate 
in selected one of (a) an active bidirectional mode of 
operation and (b) an inactive unidirectional mode of op- 
eration to rectify substantially alternating current at the 
input to produce substantially direct current at the output 
and (2) control circuitry (350) coupled between the rec- 



tifier output and a control input of the switching circuitry 
and capable of sensing an output current level of the 
rectifier and transitioning the switching circuitry between 
the active bidirectional mode and the inactive unidirec- 
tional mode as a function of the output current level 
thereby to prevent substantial reverse power flow 
through the rectifier. The rectifier is particularly useful in 
power systems having a plurality of rectifiers operating 
in parallel to prevent one rectifier from driving the other. 
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